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The most striking feature of the oxygen supply to the mamma-
lian kidney is its inhomogeneity. The total flow of blood to the
kidney per minute is high in relation to its weight. Oxygen
extraction across the kidney is so low and mixed renal venous
blood so oxygenated that it is often assumed that under normal
circumstances kidney cells are plentifully supplied with more than
enough oxygen to perform their work. However, the bulk of this
supply is directed to the renal cortex, where it maximizes flow-
dependent clearance of wastes. By contrast, blood flow to the
renal medulla is parsimonious. The supply of 02 to the renal
medulla barely exceeds its 02 utilization, as illustrated in Table 1
[1]. The striking inhomogeneity of oxygen supply that character-
izes the kidney has important implications for renal pathophysi-
ology and disease [1—3].
Medullary hypoxia: A consequence of the countercurrent
system
Gradients of oxygen availability within the renal parenchyma
have been appreciated for many years. In 1960, Aukland and Krog
demonstrated that the P°2 of the medulla was considerably lower
than renal arterial P°2 [4]. Nine years later, Leichtweiss and
colleagues confirmed and extended this concept, demonstrating
that the medullary P°2' measured with microelectrodes sensitive
to oxygen, was consistently in the range of 10 mm Hg in the kidney
of the dog and the rat [5, 6]. The sharp corticomedullary gradient
of oxygen is most easily explained by the organization of vessels in
the medulla.
The tubules and vessels of the medulla are disposed in a hairpin
loop pattern to allow countercurrent exchange of solutes between
the descending and ascending limbs, a device that permits efficient
concentration of the urine. As a by-product of this arrangement,
oxygen diffuses directly from the arterial to the venous branches of
the vasa recta, thus reducing oxygen supply to the deeper portions
of the medulla. A key role is played by the medullary thick
ascending limbs of Henle's loop (mTALs). Active transport of
sodium chloride in this segment is responsible for the creation of
an osmotic gradient in the medulla, a process that has high energy
requirements. An important condition permitting the countercur-
rent mechanism to operate optimally is a limited blood flow
through the medullary vessels to prevent washout of the gradients
of solutes formed by the mTALs. As a result of the high oxygen
requirement for active transport by the mTAL and the constraint
imposed on medullary blood flow, there is marked impoverish-
ment of oxygen supply in the deeper portions of the medulla, near
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the mTALs and away from the vasa recta. Medullary hypoxia is
the unavoidable price we pay for the ability to concentrate our
urine [1].
Direct spectrophotometric observations have confirmed sub-
stantial reduction of cytochrome a,a3 (the terminal enzyme of
mitochondrial respiration) in rat kidneys, indicating the existence
of an important cell population deficient in oxygen, in spite of the
overall abundance of renal blood flow. It seems likely that these
cells are predominantly in the medullary thick ascending limb of
Herile's loop (mTALs), since their redox state is affected by
changes in transport work induced by the loop diuretics [7].
Ambient P°2 in the medulla is, in fact, normally close to the
"critical P°2" (5 to 15 mm Hg) at which the cytochrome oxidase
of mitochondria in intact cells becomes reduced and respiration is
slowed [8]. The threat this poses to renal structures is best
illustrated by the demonstration of a hypoxic lesion in medullary
tubules when an imbalance between oxygen demand and supply is
produced in the renal medulla.
Cortico-medullary differences in metabolism and susceptibility
to injury
The striking difference in oxygen supply between renal cortex
and medulla is correlated with differences in the metabolism and
the susceptibility to injury of the two regions. The enzymes
responsible for gluconeogenesis (glucose 6-phosphatase, fructose
1,6 diphosphatase, and phosphoenolpyruvate carboxykinase) are
limited to the proximal tubule. Gluconeogenesis is an energy
requiring process that by its very nature cannot proceed in the
same cell in which glycolysis is providing energy. Oxidative
metabolism, chiefly of fat, is therefore the major source of energy
for proximal tubular cells of the cortex. The enzymes of glycolysis,
on the other hand, hexokinase, phosphofructokinase, and pyru-
vate kinase, predominate in distal structures of the nephron:
medullary ascending limb, cortical thick limb, distal convoluted
tubule, and the entire collecting duct. Lesser amounts of all these
enzymes are present in the proximal tubule as well. Located in the
Outer medulla and in medullary rays where P°2 is lower than in
the cortex, straight portions of the proximal tubule (S1) have a
greater capacity for glycolysis than proximal convoluted tubules,
which accounts in large part for their greater resistance to anoxia
[9]. Because of the high requirement for energy necessary to
reabsorb approximately 20% of filtered sodium in the thick
ascending limb, which can best be supplied by the oxidative
metabolism of substrates, mitochondrial density is particularly
high in the medullary thick limb but low in the medullary
collecting duct. Hence, mitochondrial respiration is exceptionally
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Table 1. Comparison of the ratio of oxygen consumption to oxygen
delivery in the outer medulla of the kidney to that of other organs
Region or
organ
°2
delivery
Blood 02
flow rate comsumption
02
Consumption!
°2 delivery
%mi/min/JOOg
Hepato-portal 11.6 58 2.2 18
Kidney 84.0 420 6.8 8
Outer medulla 7.6 190 6.0 79
Brain 10.8 54 3.7 34
Skin 2.6 13 0.38 15
Skeletal 0.5 2.7 0.18 34
muscle
Heart 16.8 84 11.0 65
Data are from reference [1]. Measurements are in humans except for
those from the Outer medulla, which represents an estimate from data in
rats.
low in the inner medulla, where the ambient P°2 is lowest in the
body, and glycolysis predominates [101.
The utilization of secondary cotransport by medullary thick
ascending limbs via an Na/K/2Cl cotransporter localized on the
apical surface of these cells can be viewed as a useful adaptation
to improve the efficiency of active salt transport in the presence of
a limited supply of oxygen. Transepithelial sodium transport that
depends exclusively on Na/K!ATPase, epitomized by transport in
the frog skin and toad bladder as well as in the proximal tubule of
the kidney, permits 3 mEq of sodium to be transported for every
m of ATP hydrolyzed. This ratio is doubled by the use of the
Na/K!2C1 cotransporter in conjunction with the basolateral Na/K!
ATPase in cells lining the thick ascending limb. If 3 M of Na are
transported per M of ATP hydrolyzed by the basolateral Na/K!
ATPase, and the PlO ratio of kidney cell mitochondria is 2.5:1, the
ratio of Na transported to 02 consumed would be 15:1. If 2 M of
C1 were transferred for every M of Na transported, the ratio of
CL to 002 would be 30:1, a value that approximates the ratio of
NaC1 reabsorption to oxygen consumption observed in the mam-
malian kidney when proximal reabsorption has been minimized
[II].
The permeability to water along the proximal tubule is approx-
imately i0 higher than along the distal tubule [12]. It is not
surprising that proximal tubular cells have a striking propensity to
develop cytoplasmic edema in response to a decrease in energy
stores [13]. The cortex most often responds to any renal insult by
a decrease in renal blood flow. Proximal tubular cells are not
remarkably protected from hypoxia by a reduction in transport
activity. By contrast, renal blood flow to the medulla usually
increases in response to the threat of hypoxia, while a decrease in
transport activity regularly protects against experimental hypoxic
injury in the medulla [13]. It is interesting that a variety of
heat-shock proteins, elicited by ischemia and perhaps protective
against hypoxic injury, are found in higher concentration in cells
lining medullary tubules than in those of the cortex [14].
Morphologic consequence of renal medullary hypoxia
The injurious consequences of medullary hypoxia are easily
demonstrated in isolated perfused rat kidneys. During perfusion
without an oxygen carrier, selective damage rapidly develops in
the mTALs, leading to cell necrosis. The hypoxic origin of this
lesion was demonstrated by an inverse association with the
02-carrying capacity of the perfusate and by its distribution in
zones of lowest oxygen supply in the medulla [15]. Because of the
artificial conditions of isolated kidney perfusion, it was important
to confirm the existence of hypoxic medullary injury in vivo.
Selective necrosis of mTALs, similar in morphology and distri-
bution to the hypoxic damage observed during isolated perfusion,
has in fact been observed in vivo in rat kidneys in a number of
experimental conditions likely to induce a further decrease in
medullary oxygenation. Some forms of incomplete renal ischemia,
such as systemic hypotension produced by controlled hemorrhage,
or cold ischemia, cause selective injury to mTALs. Combinations
of multiple renal insults to the intact rat, including salt depletion,
indomethacin, and a radiocontrast agent, produce selective necro-
sis of mTALs associated with acute renal failure. In addition,
chronic renal insults associated with prolonged renal vasoconstric-
lion in the rat, produced by hypercalcemia or cyclosporine, induce
selective degeneration and atrophy of mTALs in zones remote
from oxygen supply [3].
In all of these models, the zone most often damaged is the
deepest portion of the inner stripe away from vasa recta, that is,
the areas most remote from oxygen supply. The nephron segment
typically affected is the mTAL, while surrounding structures are
sometimes injured as well, such as thin limbs, interstitium and
collecting ducts, or the pars recta of the proximal tubule in the
nearby outer stripe of the outer medulla. Because of its high
metabolic requirement in a hypoxic environment, the mTAL is
especially vulnerable to injury associated with regional alterations
in medullary oxygen balance.
Diminution of renal work protects against hypoxic injury
Reduction of transport reabsorption activity, along medullary
tubules, and the mTAL in particular, lowers oxygen requirements.
Diminution of tubular work load by various maneuvers is remark-
ably effective in preventing medullary hypoxic injury in vitro and in
vivo. Inhibition of active transport by ouabain (in perfused
kidneys) or by furosemide (in perfused kidneys or in intact rats)
consistently protects mTALs from hypoxic damage. Alternatively,
reduction of glomerular filtration diminishes the delivery of urine
for solute reabsorption in the mTAL and blunts or prevents
medullary hypoxic injury. Abolition of GFR in nonfiltering iso-
lated kidneys by perfusion with a hyperoncotic medium produces
collapse of tubular lumens and prevents hypoxic mTAL lesions
[16].
Other observations illustrate the validity of this concept in vivo.
Hypoxic mTAL injury observed after systemic hypotension and
renal hypoperfusion is confined to open tubules, while collapsed
nephrons are protected. In experimental models of renal injury
from multiple insults, necrosis of mTALs is inversely correlated
with tubular collapse. Similar correlations are difficult to make at
the present time in human kidneys, since optimal fixation of renal
tissue by in vivo perfusion with glutaraldehyde is imperative for a
meaningful demonstration of tubular collapse as evidence of low
glomerular filtration rate (GFR). The data obtained from animal
models, however, encourage the conclusion that medullary hy-
poxic damage occurs only when reabsorptive work is active and
that reduction of GFR is likely to prevent such injury, it seems
reasonable to conclude that regulatory mechanisms to reduce
work and thus protect cellular integrity may have evolved in
tissues at risk of hypoxia, such as the renal medulla.
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Endogenous mechanisms to prevent cellular injury from
hypoxia
One of the most efficient and general responses to lack of
oxygen is a rapid and profound reduction in metabolic activity
[17]. Hypoxic cells exhibit patterns of self-regulation of mitochon-
dna! respiration at the level of key enzymes like aconitase,
oxidases and oxygenases [18]. The hydrolysis of ATP in hypoxic
cells increases the concentration of internal Mg2t This has been
shown to close chloride exit channels in thick ascending limb cells,
thus inhibiting active transport [19]. It is not yet clear whether the
apical chloride channel of the medullary thick ascending limb
responds to changes in the cytoplasmic concentration of ATP and
ADP; the cystic fibrosis gene product (CFTR), a chloride exit
change present in other epithelial cells, is sensitive to an increase
in the ADP/ATP ratio, which closes chloride channels and
reduces chloride transport activity [20]. Several key enzymes,
including phosphofructokinase (the rate limiting enzyme of gly-
colysis) and Na-K-ATPase are extremely sensitive to pH, being
inhibited by acidosis. In cells capable of glycolysis, a decrease in
cellular pH produced by the accumulation of lactic acid in the
presence of hypoxia therefore acts as a break on cellular metab-
olism. Acidosis also decreases Na-K-ATPase activity. For these
reasons and others, cellullar acidosis affords protection from
hypoxic necrosis [21].
The critical P0z of cells is defined as that level at which oxygen
tension in the surrounding medium becomes rate limiting. In cells
living in a medium in which the partial pressure of oxygen is close
to the critical P°2, small decreases in external oxygen tension
limits cellular work and oxygen uptake. Because the rate of oxygen
diffusion through highly proteinaceous solutions like cytoplasm is
quite slow, cellular hypertrophy greatly increases the critical P°2
and cellular susceptibility to hypoxia. The critical P°2 is also
raised by proliferation and hypertrophy of mitochondria within
cells and by an increase in the rate of oxygen utilization [18, 22].
Figure 1 illustrates the measurement of critical P°2 in rat
medullary thick ascending limb cells. The P°2 of a stirred solution
containing intact cells or tubules is plotted against time. The slope
of the line is a measure of oxygen consumption, and the point at
which the slope changes when P°2 falls is defined as the critical
P°2• Hypertrophic mTAL cells (from rats subjected to unine-
phrectomy and given a high protein diet) had a critical P°2 more
than three times as high as the smaller mTAL cells harvested from
rats maintained on a low protein diet (Table 2). While renal
hypertrophy has long been known to predispose to glomerular
injury, renal tubular cell hypertrophy, especially in the renal
medulla, might confer additional susceptibility to hypoxic injury
and contribute to a vicious circle of progressive interstitial disease.
Autocrine and paracrine regulation of medullary oxygen
balance
Since the renal medulla is at constant risk of hypoxic injury, it
is natural that powerful regulatory mechanisms should have
developed so as to protect medullary oxygenation by either
increasing oxygen supply (blood flow) on decreasing oxygen
demand. Leading candidates for this role are derivatives of
arachidonic acid, especially prostaglandin E2, adenosine and
perhaps other purinc metabolites, and nitric oxide.
Prostaglandin E2 (PGE2) is produced chiefly by collecting duct
cells and interstitial cells of the papilla. Its excretion in the urine
is thought to parallel medullary production. POE2 inhibits active
transport by the medullary thick limb and reduces transport-
related oxygen consumption by mTAL cells. In addition, PGE,
enhances medullary blood flow. Receptors for POE2 are demon-
strable in mTAL cells within the outer medulla. Inhibition of
PGE2 production with indomethacin regularly reduces medullary
P°2 and presumably is responsible for the chronic interstitial
nephritis of analgesic nephropathy, characterized by fibrosis that
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Fig. 1. Determination of the critical P°2 of small
m TAL cells harvested from rats on a low-protein
30 diet (A) and larger ones obtained from
uninephrectomized rats on a high-protein diet
(B).
Table 2. Critical P°2 of rat mTAL cells (mm Hg)
Hypertrophied (2 weeks after uninephrectomy)
Reduced size (Low-protein diet, 2 weeks)
24.8 7
(N =4)
7.5 1.3
(N =4)
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is especially marked in the renal medulla and papilla, progressing
to papillary necrosis. Such changes undoubtedly also contribute to
the predilection to acute renal failure conferred by nonsteroidal
anti-inflammatory drugs. Enhancing the endogenous renal pro-
duction of POE2 confers protection from the ischemic injuries
seen in isolated perfused kidneys. These experiments suggest a
kind of conversation between inner and outer medulla, wherein
protective prostaglandins manufactured in the papilla or inner
medulla may be carried by vasa rectal blood to their neighbors in
outer medulla to spare thick ascending limb cells from ischemic
damage [2, 23, 24].
Adenosine has been suggested as a possible endogenous mod-
ulator of ischemic injury in brain and heart, as well as in kidney.
Hydrolysis of adenosine triphosphate (ATP) in excess of its
synthesis is thought to lead to an increase in the intracellular
concentration of adenosine monophosphate (AMP), which exits
the cell via specific membrane transporters. AMP is hydrolyzed to
adenosine by 5'-nucleotidase located at the external face of the
plasma membrane of most cells. In low concentrations, adenosine
activates inhibitory receptors which reduce the activity of adenyl-
ate cyclase and diminish the burden of cell work in excitable and
secretory tissues. In concentrations of i0 to i0 mol/liter,
adenosine substantially diminishes the rate of transport-associ-
ated respiration in a homogeneous preparation of isolated cells of
the thick ascending limb of rabbit medulla. Adenosine analogues
active at the A1 receptor inhibit active transport in thick ascending
limbs and reduce anoxic injury to the mTAL in isolated perfused
kidneys. Furthermore, adenosine and its analogues markedly
enhance tubuloglomerular feedback. Liberation of adenosine
during ischemia, therefore, might do three things designed to
protect medullary cells from ischemic injury: (1) increase the
supply of oxygen by improving vasa recta flow, (2) decrease the
work of transport in thick ascending limbs, and (3) further
decrease the necessity for active transport by depressing glomer-
ular filtration rate via an exaggerated tubuloglomerular feedback
and a decrease in renal cortical blood flow. The last effect would,
of course, contribute paradoxically to the evolution of acute renal
failure. The localized infusion of adenosine into the renal medulla
of rats increases medullary P°2 and medullary blood flow while
diminishing blood flow to the renal cortex [25]. Not surprisingly,
adenosine antagonists have been shown to increase glomerular
filtration rate in certain forms of experimental acute renal failure
[26].
Nitric oxide (NO) is produced from arginine by nitric oxide
synthase, which is heavily concentrated in the renal medulla [27].
Inhibition of nitric oxide synthase by substituted arginine deriva-
tives decrease medullary P°2 and predispose to ischemic/toxic
injury (for example, from radiocontrast agents). The effect of NO
is probably a dual one, both to increase vasa recta flow and to
decrease active transport by the mTAL [201. The susceptibility to
acute renal failure conferred by the liberation of iron pigments
into the circulation, as in hemolysis or rhabdomyolysis, is probably
due in part to the binding of renal nitric oxide by iron-containing
pigments [28].
Noninvasive measurement of tissue P02 within the kidney by
magnetic resonance imaging
The above considerations suggest that susceptibility to acute
renal failure might he conferred by interference with the cellular,
autocrine and paracrine influences that have developed in the
course of evolution to protect the kidney against hypoxic insults.
In order to investigate this hypothesis it would be desirable to
develop a method for measuring cortical and medullary oxygen-
ation repetitively and noninvasively. Such a method appears to be
at hand through the use of blood oxygen level dependent (BOLD)
magnetic resonance imaging [29]. This technique permits the
noninvasive study of tissue oxygen tension in discrete portions of
the kidney cortex and medulla, because the magnetic qualities of
deoxyhemoglobin differ from those of oxygenated hemoglobin. In
human volunteers we have been able to show that, as predicted,
the loop diuretic furosemide improves medullary P°2 without
altering oxygen tension in the cortex. In contrast, the proximal
tubular diuretic, acetazolamide, produces little change in esti-
mated P°2 in the medulla or the cortex. A new finding is that
water diuresis increases P°2 in the renal medulla, an effect that is
more marked in young persons than in the elderly. These results
are consistent with the fact that water diuresis promotes urinary
excretion of POE2 in young but not in elderly subjects [30], and
may reflect the effect of aging on compensatory mechanisms
designed to protect the kidney against hypoxic injury.
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